The purpose of this study was to determine whether treatment with conjugated antioxidant enzymes could attenuate or abolish pulmonary hypertension induced by group B streptococcus (GBS). Lambs, 3-7 d old, were anesthetized and ventilated. Intravascular catheters were placed in the left ventricle, descending aorta, right atrium, and pulmonary artery for continuous monitoring of intravascular pressures. Cardiac output was measured with radiolabeled microspheres. Measurements were obtained at baseline and 15 and 60 min into a 60-min GBS infusion, and 60 min after GBS was stopped. Blood gas values were held constant and Pao 2 was maintained Ͼ100 mm Hg. The control group received saline vehicle only (n ϭ 6), the GBS group received GBS infusion only (n ϭ 9), the enzymes (ENZ) group received polyethylene glycol-superoxide dismutase (PEG-SOD) and polyethylene glycol-catalase (PEG-CAT) treatment only (n ϭ 6), and the ENZϩGBS group received PEG-SOD and PEG-CAT then GBS (n ϭ 9). Plasma samples were obtained to confirm increased superoxide dismutase and catalase activities in the groups receiving enzymes. Compared with baseline, pulmonary vascular resistance increased by 119% and 101% at 15 min and 87% and 81% at 60 min in the GBS and ENZϩGBS groups, respectively. Sixty minutes after the termination of the GBS infusion, PVR returned to baseline in the GBS group but did not in the ENZϩGBS group. Enzyme infusions resulted in at least a ninefold increase in plasma enzyme activities. As opposed to previously published data from endotoxin models, PEG-CAT and PEG-SOD were ineffective in altering the GBS-induced pulmonary hypertensive response in this model. This suggests that acute administration of antioxidant enzymes may not be effective in ameliorating GBS-induced pulmonary hypertension. Morbidity and mortality remain unacceptably high in newborn infants infected with GBS despite aggressive use of antibiotics, both intrapartum and immediately following delivery (1). Many infants infected with this organism develop pulmonary hypertension (2), even in the face of blood cultures that have quickly become sterile. In many of these infants, the high morbidity and mortality is a result of the pulmonary hypertension. There are no unique or specific 
Morbidity and mortality remain unacceptably high in newborn infants infected with GBS despite aggressive use of antibiotics, both intrapartum and immediately following delivery (1) . Many infants infected with this organism develop pulmonary hypertension (2) , even in the face of blood cultures that have quickly become sterile. In many of these infants, the high morbidity and mortality is a result of the pulmonary hypertension. There are no unique or specific therapies available to reverse this abnormal pathophysiologic process once elicited by the group B streptococcal organism. Outcomes have improved over the past decade with the use of extracorporeal membrane oxygenation, inhaled nitric oxide, and more sophisticated high-frequency ventilators. However, these treatment modalities are not specific to this disease process. There is an increasing body of literature suggesting that ROS play a significant role in GBS-induced pulmonary hypertension. Early scavenging of ROS may offer a specific therapeutic treatment regimen in those infants who have this diagnosis. This could dramatically improve their outcomes.
When pulmonary intravascular macrophages engulf bacteria, ROS are produced (3) . ROS are essential for bacterial killing, however, they may be a double-edged sword. Several investigators have proposed that ROS are early mediators of pulmonary hypertension (4 -6) . For example, pulmonary hypertension induced by endotoxin in the sheep is attenuated by catalase, indicating that hydrogen peroxide may participate in the generation of increased pulmonary arterial pressures (6, 7) . However, other studies have resulted in inconsistent responses (8 -11) . Olson et al. (12) hypothesized that the short half-life of antioxidant enzymes was responsible for the variability in responses. They attempted to overcome this problem by using antioxidant enzymes that had been conjugated to PEG, which greatly increased the half-life. They used SOD or CAT bound to PEG in a pig model of endotoxin-induced pulmonary hypertension. PEG-SOD alone did not offer any protection, but PEG-CAT significantly blunted the endotoxin-induced pulmonary injury. A combination of the PEG-bound enzymes was not studied.
Other investigators have examined the role of ROS in the development of GBS-induced pulmonary hypertension using dimethylthiourea as a hydroxyl radical scavenger (4, (13) (14) (15) . All have demonstrated significant attenuation of GBS-induced rises in pulmonary artery pressure or pulmonary vascular resistance in the animals pretreated with dimethylthiourea. However, there have been doubts regarding the specificity that dimethylthiourea has for hydroxyl radical scavenging (16) . Therefore, the question regarding the role of ROS in the mechanism of GBS-induced pulmonary hypertension remains unanswered.
The aim of the present study was to determine whether early treatment with both conjugated antioxidant enzymes (PEG-SOD and PEG-CAT) could attenuate or abolish pulmonary hypertension induced by GBS. We hypothesized that pulmonary intravascular macrophages are activated by engulfing bacteria, producing an oxidative burst, resulting in the release of ROS into the extracellular space (3). Therefore, the administration of antioxidant enzymes would reduce the ROS concentration and thus the pulmonary vasoconstriction observed with GBS infusions. To test this hypothesis, conjugated antioxidant enzymes (PEG-SOD and PEG-CAT) were intravenously administered before induction of pulmonary hypertension with a continuous infusion of GBS in the newborn lamb. Catheters were placed in the pulmonary artery, left ventricle, right atrium, subclavian artery, femoral artery, and femoral vein through peripheral cutdown sites. Pressure transducers (Statham Db-23 Gould Instrument Systems, Cleveland, OH, U.S.A.) were used for continuous recording of mean and phasic pressures on a polygraphic recorder (Gould eightchannel strip-chart recorder, model 2017-8868-005180, Cleveland, OH, U.S.A.). Left ventricular and pulmonary arterial catheters were placed by observing characteristic pressure waveforms and confirmed in all study animals during the necropsy. Following catheter placement, each animal was paralyzed with 0.10 mg/kg of pancuronium bromide and anticoagulated with 500 U/kg of heparin to maintain line patency. There was a 30-min postoperative stabilization period before the start of the experimental protocol.
METHODS

Animal
Heat-killed GBS preparation. Type III GBS (strain 893) were plated and incubated at 37°C overnight on blood agar. Pure colonies were transferred to Todd-Hewett broth and grown in a 37°C water bath to log phase. This bacterial suspension was centrifuged and washed twice with sterile normal saline to remove broth and then heat-killed in a 60°C water bath for 1 h. The suspension was then diluted with sterile normal saline to an OD of 0.6 (1.0 ϫ 10 12 colony forming units per liter). The final bacterial suspension was cultured to confirm sterility.
Antioxidant enzyme preparation. PEG-SOD (EC 1.15.1.1) and PEG-CAT (EC 1.11.1.6) were purchased from Oxis (Portland, OR, U.S.A.). Both enzymes were tested for the presence of endotoxin using a Limulus amebocyte assay (17) (E-toxate kit; Sigma Chemical Co., St. Louis, MO, U.S.A.). The PEG-CAT required endotoxin removal. Endotoxin was removed using a cyclic agarose suspension (Kuttsuclean, Taiyo Fishery Co., Ibaraki, Japan). Greater than 95% of the catalase activity was retained with undetectable levels of residual endotoxin. SOD and CAT enzyme activities were confirmed spectrophotometrically before administration. One Sigma Chemical Co. unit of CAT activity was defined (by Sigma Chemical Co.) as the amount of CAT required to decompose one 1.0 mmol of hydrogen peroxide in 1 min at 25°C and pH 7.0 (18) . A unit of SOD activity was defined as the amount of SOD required to produce 50% inhibition of the rate of reduction of cytomchrome c at 25°C and pH 7.8 (19) .
Cardiac output. Cardiac output was measured using the radiolabeled microsphere technique (20 Ce; New England Nuclear, Boston, MA, U.S.A.) were injected into the left ventricle. Reference samples were withdrawn from the subclavian artery using a Harvard Model 915 withdrawal pump (Harvard Apparatus Co.) at 2 mL/min beginning just before and continuing for 1.5 min after the microsphere injection. The number of microspheres in the injection aliquots and reference samples were determined by counting total radioactivity on a Gamma Trac 2250 ␥-counter (Tracor Northern, Austin, TX, U.S.A.). All reference samples contained at least 1000 microspheres providing an accuracy of Ϯ5% with a confidence interval of Ͼ90% for flow calculations (21) . CI was defined as cardiac output normalized to animal weight (kg). The following equation was used to calculate CI based on microsphere counts:(1)
CI ϭ
Reference withdrawal rate ϫ number of microspheres infected Number of microspheres reference sample ϫ body weight (kg)
Using CI measurements and recorded pressures, PVRI and SVRI were calculated from the following equations:
where LVEDP is left ventricular end-diastolic pressure and RAP is right atrial pressure. Protocol. Using a randomized block design, animals were assigned to one of four groups. Group 1, a control group, received saline in place of PEG-enzymes or a GBS infusion (n ϭ 6). Group 2, GBS group, animals received only an infusion of GBS, no enzymes (n ϭ 9). Group 3, ENZ group, received only the antioxidant enzymes but no GBS (n ϭ 6). Group 4, ENZϩGBS group, received the enzymes followed by an infusion of GBS (n ϭ 9).
After the postoperative stabilization period, baseline measurements of vascular pressures, cardiac output, pH, and arterial blood gases (Stat Pro 2, Nova Biomedical, Waltham, MA, U.S.A.) were performed. Each animal then received PEG-SOD and PEG-CAT (or saline). The PEG-SOD and PEG-CAT were each diluted to a volume of 5 mL with saline before administration. Prepared doses were 2000 U/kg and 15,000 Sigma Chemical Co. U/kg for the PEG-SOD and PEG-CAT, respectively (12) . Fifteen minutes elapsed before the GBS (or saline) infusions were begun (time ϭ 0). At time 0, the GBS and ENZϩGBS groups received a continuous GBS infusion (versus saline in the control and ENZ groups) at 12 mL⅐kg
This infusion was continued for 60 min during which two further cardiac output and arterial blood gas measurements were obtained at 15 min and 60 min. The GBS or saline infusion was then discontinued and the animal was allowed 60 min to recover. At 120 min, a final cardiac output and arterial blood gas measurement were taken. In addition, blood was obtained at baseline and 15 and 120 min from half of the animals to assay for plasma SOD and catalase activity. At the conclusion of the experiment, the animal was euthanized with an overdose of i.v. pentobarbital and an autopsy performed to confirm proper positioning of all catheters and closure of the ductus arteriosus.
Data analysis. Data were analyzed using SPSS 8.0 for windows (SPSS Inc., Chicago, IL, U.S.A.). One-way ANOVA was used to compare the baseline variables among the four groups. The means and standard deviations of the primary outcome variable PVRI as well as the other physiologic variables (MPAP, MAP, SVRI, CI) and respiratory variables (arterial pH, Pco 2 , Po 2 ) for the four groups were calculated at baseline and 15, 60, and 120 min. Logarithmic transformation was applied to PVRI, due to skewness in the data distribution, before the data analysis. Changes in physiologic variables among the four groups were assessed using GLM (Generalized Linear Model) for repeated measures over the study time points (i.e. 15, 60, and 120 min). Using Tukey's HSD test, post hoc multiple pairwise comparisons were performed when there were significant group by time interactions, to determine differences in physiologic changes between groups at specific time points. Wilcoxon signed rank test was used to determine within-group changes over time points. p Values of Ͻ0.05 were accepted as representing significant differences between all comparisons. Mann-Whitney U test for independent samples and Wilcoxon signed rank test were used to compare plasma enzyme activities at baseline and over time, respectively. p Values of Ͻ0.05 were accepted as representing statistically significant differences.
This protocol was approved by the institutional review and animal use committees at the National Naval Medical Center, Uniformed Services University of the Health Sciences, and Walter Reed Army Medical Center.
RESULTS
There were no significant differences among the control, GBS, ENZ, or ENZϩGBS groups in weights (5.5 Ϯ 0.8 kg, 4.9 Ϯ 1.1 kg, 5.4 Ϯ 1.4 kg, 4.6 Ϯ 0.5 kg) or ages (5.
All measured physiologic variables (e.g. pressures and resistances) were similar among the groups before the start of the experimental protocol (Table 1, Fig. 1, A, B) . Arterial blood gases and pH were not significantly different among groups at the beginning of the protocol and did not change over time (Table 1) .
MPAP was equivalent among groups before the start of the experimental protocol (Fig. 1A) . As anticipated, there was no significant change over time in the MPAP measurements in the control or ENZ groups. GBS caused an increase in MPAP in the presence or absence of enzyme treatment. During GBS infusions, at 15 min, both the GBS and ENZϩGBS groups had significant elevations in MPAP compared with the control and ENZ groups (p Ͻ 0.001 in all comparisons). The percentage increases in MPAP in the GBS and ENZϩGBS groups over 183 ROS, GBS, AND PULMONARY HYPERTENSION their baseline values were 82% and 72%, respectively. By 60 min the MPAP in these two groups decreased slightly but continued to be significantly elevated by 62% and 54%, respectively, and significantly higher than the control group (p ϭ 0.002 and p ϭ 0.001, respectively). Once the GBS infusion was discontinued, MPAP declined in both the GBS and ENZϩGBS groups. By the 120-min time point, the MPAP in the GBS group had essentially returned to its baseline value, whereas that in the ENZϩGBS group remained significantly elevated (p ϭ 0.01 versus control group, p ϭ 0.023 versus GBS group, p ϭ 0.032 versus ENZ group).
The PVRI values (Fig. 1B ) at baseline were similar among groups. The PVRI values in the control and ENZ groups were similar at all time points and did not change significantly from baseline at any time point. At 15 min the GBS and ENZϩGBS groups experienced similar rises in PVRI of 119% and 101% above their baseline values. Compared with the control group, the PVRI values in both the GBS and ENZϩGBS groups were significantly elevated (p ϭ 0.013 and p ϭ 0.01, respectively). By 60 min, as with the MPAP values, there was a slight diminution in PVRI in both the GBS and ENZϩGBS groups, although they remained elevated compared with the control group (p ϭ 0.016 and p ϭ 0.004, respectively). After the discontinuation of the GBS infusion, the PVRI elevation for the GBSϩENZ group at 120 min remained significantly higher than its baseline (p ϭ 0.008), and significantly higher than the control group (p ϭ 0.012). PVRI in the GBS group had decreased significantly by 120 min, and was not different from the control or ENZ groups (p ϭ 0.49 and p ϭ 0.75, respectively).
There were no significant differences between groups at any time point for systemic arterial pressure, systemic vascular resistance or cardiac indices (Table 1) .
CAT activities in animals that did not receive enzymes were at the lower limit of detection (10 Sigma Chemical Co. U/mL) of the Beers-Sizer assay and remained so throughout the experiment. SOD activities at baseline were similar between animals destined to receive and not receive enzymes with a median concentrations of 5.4 U/mL and 4.2 U/mL, respectively (p ϭ 0.82). Ninefold increases in both plasma SOD and CAT activity were seen at the 15-min time point in the animals that received enzymes. These levels of SOD and CAT activity were sustained for almost 2 h, with only 0.2% and 11% losses at 120 min, respectively (Fig. 2) . Superoxide dismutase activity also fell slightly between 15 min and 120 min in animals not receiving antioxidant enzymes to a median concentration of 3.5 U/mL (p ϭ 0.046, data not plotted). There were no differences in enzyme activities between the ENZ group and the ENZϩGBS group.
DISCUSSION
The aim of our study was to determine whether treatment with both conjugated antioxidant enzymes (PEG-SOD and 
Antioxidant enzymes administered immediately after baseline measurements. Group B streptococcal/saline infusions administered from 0 -60 min. Groups: CON, control group (no enzymes or GBS; n ϭ 6); GBS group (received only GBS, no enzymes; n ϭ 9); ENZ group (received only antioxidant enzymes, no GBS; n ϭ 6); ENZϩGBS group (received both enzymes and GBS; n ϭ 9). Values are means Ϯ 1 SEM. PaO 2 , partial pressure of arterial oxygen; PaCO 2 , partial pressure of arterial carbon dioxide.
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PEG-CAT) could attenuate or abolish pulmonary hypertension induced by GBS. If this treatment improved outcomes of those animals with GBS-induced pulmonary hypertension then this could possibly offer a new targeted therapeutic treatment plan for sick newborns. Our hypothesis was that GBS bacteremia involved the early and rapid release of superoxide and/or hydrogen peroxide from activated pulmonary intravascular macrophages into the extracellular spaces ultimately resulting in pulmonary hypertension. ROS are produced when pulmonary intravascular macrophages engulf bacteria and become activated (3). If there are high plasma concentrations of antioxidant enzymes bathing these macrophages, then it would be possible to inactivate the ROS before their interaction with the surrounding environment. We created ninefold increases in SOD and CAT activities in the plasma in this study. However, this failed to inhibit or attenuate the rise in pulmonary vascular resistance produced by GBS. Nonetheless, important information about the involvement of ROS in GBS-induced pulmonary hypertension was obtained.
The cascade of responses to an acute bacterial challenge have been partially elucidated in several animal models. When GBS bacteria are infused into piglets, they are quickly taken up by pulmonary intravascular macrophages (22) . When pulmonary intravascular macrophages engulf bacteria, ROS are produced (3). Considering the close proximity between these macrophages and the pulmonary vascular endothelium, the sudden burst of ROS could interact with the endothelium. This interaction could result in the release of vasoactive substances leading directly or indirectly to the elevation in pulmonary vascular resistance (23) (24) (25) . Symbols are means Ϯ 1 SEM [F ϭ group 1 (control, n ϭ 6); f ϭ group 2 (GBS only, n ϭ 9); ' ϭ group 3 (ENZ only, n ϭ 6); } ϭ group 4 (ENZ ϩ GBS, n ϭ 9)]. Baseline measurements obtained just before the administration of the antioxidant enzymes. Group B streptococcal/saline infusions started at time ϭ 0 and continued for 60 min. (A) Effect of the antioxidant enzymes and group B streptococcal infusions on MPAP (mm Hg). GBS infusions produced significant increases in MPAP in both groups treated with GBS at the 15-and 60-min time points (*p Ͻ 0.001). Sixty minutes after the discontinuation of the GBS infusion, the ENZϩGBS group had not fully recovered and still had a significantly elevated MPAP ( # p ϭ 0.01 vs control group, p ϭ 0.023 vs GBS group, p ϭ 0.032 vs ENZ group). (B) Effect of the antioxidant enzymes and group B streptococcal infusions on PVRI (mm Hg⅐mL -1 ⅐kg -1 ⅐min -1 ). GBS infusions produced significant increases in PVRI in both groups treated with GBS at the 15-and 60-min time points compared with the control group (GBS group: *p ϭ 0.013 and 0.01; ENZ ϩ GBS group: *p ϭ 0.016 and 0.004 for the respective time points). After the discontinuation of the GBS infusion, the ENZϩGBS group had not fully recovered and still had a significantly elevated PVRI compared with its baseline value ( # p Ͻ 0.008) and significantly higher than the control group at 120 min ( # p Ͻ 0.012). 185 endothelial cells could be damaged by the oxidative burst from activated neutrophils and that this damage was blocked by pretreatment with CAT. These studies clearly demonstrate that ROS, artificially generated, can produce significant damage to endothelial cells and pulmonary vasoconstriction. Normally functioning, intact pulmonary endothelial cells are crucial to maintain the low resting basal tone of the pulmonary circulation. If ROS damages endothelial cells in vivo, then one may expect pulmonary vascular resistance to increase. Thus, therapy aimed at scavenging these ROS might result in a significant attenuation in the pulmonary hypertensive response to an infusion of GBS. In this animal model of GBS-induced pulmonary hypertension, pretreatment with polyethylene glycolbound SOD and CAT did not inhibit the acute rise in pulmonary vascular resistance despite elevated plasma levels of the antioxidant activities. In fact, pretreatment with the antioxidant enzymes may have delayed the recovery of pulmonary vascular resistance in these animals. The results of the present study are in direct opposition to our original hypothesis. Previous studies indicate that acutely administered SOD and CAT act by scavenging ROS in extracellular spaces (6, 7, 26) . Data from our study indicate that ROS may not penetrate into extracellular spaces. Our results suggest that ROS do not act directly on smooth muscle but may stimulate the production of other vasoactive substances that cause pulmonary vasoconstriction. These substances could be produced by the pulmonary intravascular macrophage themselves or by the endothelium. The pathway for pulmonary intravascular macrophage generated ROS to elicit the production of vasoactive substances by endothelium may be by direct cell-to-cell communication and not diffusion into the extracellular spaces. The fact that dimethylthiourea, which easily penetrates cells, attenuates GBS-induced pulmonary hypertension supports the conclusion that ROS are produced and are acting intracellularly to increase pulmonary vascular resistance. The direct pulmonary intravascular macrophage to endothelium pathway is possible due to their close proximity via adhesive complexes. Large areas of contact between these macrophages and the underlying vascular endothelium have been described (23) , which could facilitate this communication. This pathway of cell-to-cell communication has not been previously considered and deserves further investigation.
The use of SOD and CAT in other studies of ROS involvement in models of pulmonary hypertension have yielded inconsistent results (6, 7, 10, 12, 27) . Possible reasons for the conflicting results could stem from the different doses of the antioxidants used or the time between administration of the antioxidant enzymes and the actual start of some of the experimental protocols. The antioxidant enzymes SOD and CAT have short half-lives (Ͻ10 min), creating much of the variability. We attempted to overcome some of these possible problems by using PEG-bound antioxidant enzymes. The half-life of SOD and CAT can be greatly increased when these enzymes are covalently attached to the inert polymer PEG. Attachment of PEG to these enzymes significantly decreases the renal clearance thus extending the half-life from minutes to greater than 24 h (28). The inert nature of PEG also reduces the antigenicity of the native protein and inhibits the hydrolysis of the protease-sensitive CAT while maintaining high activity (29) . We clearly demonstrated that just one dose of the PEGbound enzymes produced a ninefold increase in the plasma enzyme activities that remained stable for the duration of the protocol (120 min). We assumed a ninefold increase in activities would be therapeutic.
Possible explanations for our unexpected results could include the dosage of the antioxidant enzymes used in this study. The dosage selected for this study was extrapolated from the literature (12) . Olson et al. (12) used a piglet model to evaluate the effect of these enzymes on endotoxin-induced pulmonary hypertension. PEG-CAT (15,000 U/kg) significantly attenuated the endotoxin-induced rise in pulmonary vascular resistance. However, PEG-SOD (2000 U/kg) did not have any effect on the increase in pulmonary vascular resistance with the endotoxin infusion. Moreover, Olson et al. did not use both antioxidant enzymes in combination to determine whether there was a potentiated benefit. This might be expected due to the biochemical association of the superoxide anion and hydrogen peroxide. Some investigators have found a beneficial effect from the use of SOD. Koyama et al. (27) did demonstrate significant attenuation of endotoxin-induced pulmonary hypertension with human-recombinant SOD (4200 U/kg).
Olson et al. (12) also reported that at higher doses of PEG-CAT (Ͼ20,000 U/kg) there were increases in the baseline pulmonary vascular resistance of the animals. This led the investigators to select a lower dose of PEG-CAT to use before the endotoxin infusions. We elected to use 15,000 U/kg of PEG-CAT in conjunction with 2000 U/kg of PEG-SOD. This did appear to slightly, but not significantly, increase the baseline resting tone of the pulmonary vasculature. Therefore, we believed our dosage to be optimal, large enough to cause a ninefold increase in plasma activity with minimal direct effects. The pulmonary artery pressure and pulmonary vascular resistance in the enzyme group were only increased by 10% and 16%, respectively, above its pretreatment baseline. To account for this increase in baseline vascular tone produced by the PEG-bound enzymes, we analyzed the data adjusting for the baseline measurements within each group. Our conclusions did not change following these adjustments.
As stated above, Olson et al. (12) did not report any reduction in pulmonary hypertension with PEG-SOD. We elected to use PEG-SOD in combination with PEG-CAT in this study due to the reported effects that the superoxide anion can have on nitric oxide. The superoxide anion is generally not considered one of the seriously dangerous reactive oxygen species generated during an oxidative burst. However, there are several studies that incriminate it in the destruction of nitric oxide (30) . Nitric oxide is the substance identified as having a significant role in maintaining the low basal resting tone of the pulmonary vascular bed (31) . The superoxide anion can combine with nitric oxide leading to the production of the peroxynitrite anion, thereby removing the dilatory action of nitric oxide. In addition, the peroxynitrite anion can induce lipid peroxidation and further decompose to yield the hydroxyl radical (32) . The hydroxyl radical can produce significant cell damage. Beckman et al. (33) suggested that SOD could reduce the oxidant injury to endothelial cells by preventing the formation of 186 CARPENTER ET AL.
peroxynitrite. Thus, the superoxide anion has several potential avenues that can result in pulmonary vasoconstriction. Our data indicate that if these actions of superoxide are operative in GBS-induced pulmonary hypertension, they are not altered by acute administration of PEG-SOD and therefore might occur intracellularly.
The dosages of antioxidant enzymes used may have disrupted the oxidant-antioxidant balance. There has been a bellshaped dose-response curve described for the efficacy of SOD (34) . Nelson et al. (34) , using an isolated perfused rabbit heart ischemia/reperfusion model, observed that lipid peroxidation was increased when low and high doses of SOD were used. At moderate doses, SOD effectively decreased the rates of lipid peroxidation. There are several studies indirectly linking lipid peroxidation to significant endothelial cell dysfunction (35, 36) . In an in vitro system, Mao et al. (37) demonstrated that increasing amounts of SOD in the presence of Fe ϩ2 results in the production of excess amounts of the extremely toxic hydroxyl radical. Mao et al. speculated that as SOD produces H 2 O 2 , if Fe ϩ2 is present, this results in the production of the highly toxic hydroxyl radical via the Fenton reaction. Production of the hydroxyl radical could worsen cellular injury. This could be why the ENZϩGBS group did not recover by the end of the 120-min observation time point compared with the GBS group. Conversely, once the inciting event (i.e. GBS infusion) was stopped, the prolonged presence of the conjugated antioxidant enzymes in the ENZϩGBS group may have continued to scavenge any ROS present, potentiating lipid peroxidation and subsequent endothelial cell damage.
The above-cited studies may certainly explain the diverse results one observes with SOD. The oxidant load and the amount of antioxidant present will determine whether there is a beneficial or detrimental effect. Striking the perfect balance appears critical.
An alternative explanation for our findings could be that there are other vasoactive mediators that play a more important role in the production of the pulmonary hypertension induced by GBS. Several investigators (4, 38) have found elevated levels of vasoactive substances (e.g. thromboxane, prostaglandin B 2 , tumor necrosis factor-␣, etc.) when studying GBSinduced pulmonary hypertension. Pulmonary intravascular macrophages do produce these substances as well as many others when activated (39) . Several investigators have proposed that ROS, when produced during the activation of the macrophage, stimulate the release of these other vasoactive substances, which in turn ultimately lead to pulmonary hypertension (4 -6). The ROS may stay intracellular and thus the elevated extracellular antioxidant levels we produced would have no effect on the elevated intracellular levels of ROS.
If the sudden increase in ROS ultimately leads to the production of other vasoactive substances that are then released by the pulmonary intravascular macrophages, then administering the PEG-antioxidant enzymes several hours versus minutes before the infusion of GBS may have attenuated the elevation of pulmonary vascular resistance in these animals. Beckman et al. (40) demonstrated that polyethylene-bound SOD and CAT become incorporated into the cell membranes of cultured endothelial cells and then become intracellularly located over time. Elevated intracellular antioxidant levels would have the advantage of potentially scavenging the ROS before their activation of other vasoactive substances.
Our findings contrast those of the endotoxin model of pulmonary hypertension (12) . The disparity between their results and ours is intriguing considering that GBS and endotoxin models of pulmonary hypertension have many features in common. It is possible that endotoxin and GBS act via different pathways, one (endotoxin) in which the extracellular elaboration of superoxide and/or hydrogen peroxide is a critical step, and the other (GBS) in which it is not. However, this study examined only one treatment regimen. ROS may still play a role in GBS-induced pulmonary hypertension. Different doses of the conjugated antioxidant enzymes and/or extended periods of treatment could influence intracellular enzyme activity and lead to a different outcome. Further exploration of possible therapeutic options with conjugated antioxidant enzymes is still warranted.
